Gram stains were performed on strains of Actinomyces bovis, Actinomyces viscosus, Arthrobacter globiformis, Bacillus brevis, Butyrivibrio fibrisolvens, Clostridium tetani, Clostridium thermosaccharolyticum, Corynebacterium parvum, Mycobacterium phlei, and Propionibacterium acnes, using a modified Gram regimen that allowed the staining process to be observed by electron microscopy (J. A. Davies, G. K. Anderson, T. J. Beveridge, and H. C. Clark, J. Bacteriol. 156:837-845, 1983). Furthermore, since a platinum salt replaced the iodine mordant of the Gram stain, energy-dispersive X-ray spectroscopy could evaluate the stain intensity and location by monitoring the platinum signal. These gram-variable bacteria could be split into two groups on the basis of their staining responses. In the Actinomyces-Arthrobacter-Corynebacterium-Mycobacterium-Propionibacterium group, few cells became gram negative until the exponential growth phase; by mid-exponential phase, 10 to 30% of the cells were gram negative. The cells that became gram negative were a select population of the culture, had initiated septum formation, and were more fragile to the stress of the Gram stain at the division site. As cultures aged to stationary phase, there was a relatively slight increase toward gram negativity (now 15 to 40%) due to the increased lysis of nondividing cells by means of lesions in the side walls; these cells maintained their rod shape but stained gram negative. Those in the Bacillus-Butyrivibrio-Clostridium group also became gram negative as cultures aged but by a separate set of events. These bacteria possessed more complex walls, since they were covered by an S layer. They stained gram positive during lag and the initial exponential growth phases, but as doubling times increased, the wail fabric underlying the S layer became noticeably thinner and diffuse, and the cells became more fragile to the Gram stain. By stationary phase, these cultures were virtually gram negative.
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For almost a century, the Gram reaction has been used to differentiate eubacteria into gram-negative and gram-positive varieties of cells. It is now apparent that the staining mechanism relies on the fundamental structural and chemical attributes of the bacterial wall (4, 9, 19) . Bacteria with robust walls containing a high percentage of peptidoglycan have a greater tendency to retain the crystal violet-iodide complex and stain gram positive than do those with outer membranes and thin peptidoglycan layers, which stain gram negative (4) . Yet sometimes the distinction between these two varieties of bacteria is not so clear-cut, since a select group of eubacteria can give an erratic response to the stain. This variability can be due to growth stress (e.g., unsuitable nutrients, temperatures, pHs, or electrolytes) that results in a number of nonviable, gram-negative cells in a grampositive culture, but certain bacterial species are notorious for their gram variability even under optimal growth conditions (2) . The cultures used in this study are representative of this latter group. Although they are usually considered to be gram-positive bacteria, these cultures frequently possess a proportion of gram-negative cells interspersed throughout the entire population. Often, the frequency of gram-negative cells progressively increases as exponential growth is attained and stationary phase is approached.
It is now possible to use a modified Gram stain to follow the staining reaction by electron microscopy (9). Gram's iodine solution, as a mordant, is replaced by an aqueous solution of potassium trichloro(_rj2-ethylene)-platinum(II) (potassium TPt), which complexes with the crystal violet via a metathetical anion exchange, forming a more neutral charge transfer complex with the pi bonds of the dye, which precipitate from solution and interact with similar complexes to form large electron-dense aggregates that are visible by electron microscopy (9) . This chemical complex stains the bacteria purple and interacts with both gram-positive and gram-negative bacteria exactly as does the more usual crystal violet-iodide complex of the unmodified stain (4, 9).
Because platinum is a heavy metal (Zp, = 78), the cellular location of the staining complex can be visualized by electron microscopy, and its route in and out of cells can be seen. In addition, because platinum is not a typical element of bacteria, its energy-dispersive X-ray signal (i.e., Mat tand La a lines) can be easily deciphered in cells not contrasted by additional heavy metals (4, 9) .
In this study, I used this technique to reveal the staining mechanism of 10 bacterial species from eight genera that have proven especially unpredictable with respect to their Gram-staining responses.
(Small portions of this research were reported at the 87th Annual Meeting of the American Society for Microbiology, Atlanta, Ga., 1 1.6 (the data in Fig. 1 are representative) . The selection of distinct growth phases was determined by graphic analysis according to Drew (11) and Koch (17 For electron microscopy and EDS, cells were harvested by centrifugation and washed twice in 50 ml of 50 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer (pH 6.8) containing 1 mM MgCl2. They were then put through either the conventional or TPt-modified Gram procedure as outlined above. More detail can be found in Fig. 1 Fig. 2 and 10). Some walls contain a-branched, ,-hydroxylated acids (i.e., the mycolic acids of M. phlei and the corynemycolic and corynemycolenic acids of Corynebacterium parvum and P. acnes [12] ), whereas others possess an additional layer above the peptidoglycan-containing matrix (i.e., the S layers of Bacillus brevis, C. thermosaccharolyticum, and C. tetani [20] [21] [22] (Fig. 12) but by the stationary phase, virtually the entire culture had converted ( Fig. 13 and 16 [inset]; Table 2 ). In total, these observations were consistent for all media used in the study, divided the cultures into two staining groups, and prompted a closer look, using the modified Gram stain for electron microscopy (9 (Fig. 2 is representative ).
All were short rods except for the two Actinomyces spp., which were seen to be longer rods attached together in small chains with occasional branching, and A. globiformis, which was a short rod only until the late exponential growth phase, when it became a coccobacillus (no change in cell wall format was seen during this shape alteration). For this entire group of bacteria, no unusual internal structures were seen; a central fibrous nucleoid surrounded by cytoplasmic substance (mostly ribosomes) with occasional mesosomes was common (Fig. 2) .
The Bacillus brevis-B. fibrisolvens-C. tetani-C. thermosaccharolyticum group was much different from the former group. Thin sections of these rod-shaped bacteria revealed complex wall profiles consisting of two electron-dense layers above the plasma membrane ( Fig. 10 and 16 (Table  1) ; i.e., these cells retained copious amounts of the TPtcrystal violet complex and were strongly gram positive. Indeed, so much of the staining complex was retained that it could be dot mapped by its Pt signal (Fig. 5 and 6 ). Yet those few cells from this culture that were gram negative at this growth stage (Fig. 3 and Table 1 ) were readily identified by three traits. In thin section, they had low Pt signatures (Table 1) , they were in the initial phases of septation (Fig. 4) , and they had large voids in their cytoplasm (Fig. 4) . These traits were shared by all other genera in this group (Table 1 and Fig. 7) . It initial stages of septation during division, they were unusually prone to lysis during the Gram stain. In fact, it looked as if blowouts occurred at the septal site, resulting in cytoplasmic voids as the cell substance and TPt-crystal violet leaked out (Fig. 4 and 7) . This resulted in a select population of cells within each culture that had a low percentage of TPt-crystal violet (Table 1) and varying degrees of cytoplasm left within their interstices.
For more typical gram-positive rods, such as Bacillus subtilis and Lactobacillus acidophilus, it is not unusual for septal sites to be highly active autolytic centers during growth and division (5, 14) . After all, these regions are major sites of newly incorporated wall material as the septum forms, and the growing septum will eventually become new polar ends once the daughter cells have separated (15) . It (Fig. 8) . Eventually, these cells lysed and became gram negative (Fig. 9) . To a lesser degree, this phenomenon was also evident in the other cultures.
As cultures age and enter a stationary period, it is not uncommon for a low percentage of the cells to die and eventually lyse. I believe that this accounts for the increased gram variability seen in this group and suggest that, in addition to septal sites, certain regions of the wall in dying cells become friable and sensitive to the Gram stain. Since the polar ends have an extremely low degree of wall turnover (10) , it would be the side walls of the rod that would be particularly prone to this event. Whether it was the result of a septum blowout or a lysis point, these stationary cells would be leached of their TPt-crystal violet during decolorization and would stain gram negative. Modified Gram stain on the Bacillus-Butyrivibrio-Clostridium group. Throughout the growth curves of these bacteria (that of Bacillus brevis in Fig. 1 is representative) , there was a steady, progressive increase in the number of cells that became gram negative (cf. Fig. 12 and 13 ; Table 2 ), so much so that at the stationary phase, virtually the entire culture had converted ( Fig. 13 and 16 [inset] ). Viable counts of FIG. 5 . Thin section of an M. phlei cell containing enough TPt-crystal violet complex (darkly stained regions in cytoplasm) to make it gram positive. Since the septum (arrow) is intact, there has been no blowout, but some cytoplasmic voids, a result of the processing, are seen. This thin section has been stained with uranyl acetate and lead citrate to heighten the contrast of the cellular structures to make them easier to distinguish. Bar = 200 nm.
FIG. 6 . EDS platinum dot map of an uncontrasted cell similar to the one seen in Fig. 5 . The highest concentration of dots lies within the borders of the cell, which is rod shaped, and is due to the retention of the TPt-crystal violet complex within the cytoplasm. Magnification is the same as in Fig. 5 . bacteria (data not shown) and a survey of each growth phase
The steady increase in gram variability during growth was by electron microscopy ( Fig. 10 and 16 ) suggested that this substantiated by a concomitant decrease in the Pt (TPtincrease was not entirely due to cell lysis. In general, lysis crystal violet) signal by EDS (Table 2) . Early-exponentialdid not affect more than 5 to 10% of the culture until well into phase cells had so much precipitate within them that it was the stationary phase.
easily seen in thin section (Fig. 11) (Fig. 2) and P. acnes (Fig. 7) . The inset reveals this difference better and shows a two-layered wall (an arrow points to each layer). Bar Fig. 13 . Bar = 100 nm.
VOL. 172, 1990 on October 20, 2017 by guest http://jb.asm.org/ Downloaded from increasing number of cells became sensitive to the decolorizing step of the Gram stain and their cell envelopes were breached, liberating cytoplasmic substance and the TPtcrystal violet complex (Fig. 14) . These cells had large voids within them (Fig. 15) . Eventually, electron microscopy showed these cells to be so devoid of the staining complex that they were gram negative.
Careful scrutiny of these growing cultures revealed that with time, the structure of the cell surface altered; the peptidoglycan layer became thinner as the cultures progressed from early to late exponential growth phase (cf. Fig.  17, 18 , and Fig. 10 [inset] ), so much so that its dimensions were reduced by half and it seemed incapable of withstanding the decolorization step. In fact, this wall layer was frequently not visible in those older cells that had been Gram stained (Fig. 19 to 22) .In contrast to this layer, the outermost S layer was often visible and retained the shape of the cells (Fig. 19) . As cultures approached the stationary growth phase, lesions were commonly seen in the S layer, and the protoplast had shrunk in size as if cytoplasmic substance had been lost (Fig. 20) . Occasional cells had entirely lost their encompassing S layers and most of their substance ( Fig. 21 ) and had rounded up ( Fig. 16 [inset] and 22) .
This entire set of observations (Table 2 and Fig. 10 to 22 ) suggested that bacteria in the Bacillus-Butyrivibrio-Clostridium group are gram variable because of a mechanism entirely different from that of the previous group. Although they have a more complex cell wall than do the others, the peptidoglycan-containing layer is thinner (cf. Fig. 2 with Fig.   10 and 16 ). This steady decrease in peptidoglycan thickness during growth coincided directly with the increased numbers of gram-negative cells. The very fragility of these cells made it impossible to detect whether septal sites were the most sensitive regions for cytoplasmic leakage; leakage occurred at a number of sites around the cell periphery.
It was interesting to note that as the peptidoglycan became fragile, the S layer was left to maintain cell shape. Yet as S-layered bacteria age, it is not uncommon that these surface arrays fragment and slough off the cell surface (1, 18, 21) . This can occur at sites of division (20) or along the cylindrical wall (1, 21, 22) and may be a consequence of the insertion of new S layer (13, 16) . The shedding of S layer is rarely, if ever, seen at the poles (13, 16) . The results of this study are in agreement with these reports. As the bacteria used in this study aged and their peptidoglycan layer became thinner, presumably they relied more and more on their S layers for shape during Gram staining (Fig. 19 ). Yet the S layers would be shed as the cultures continued to age, and, during staining, cytoplasm would leak out until no shape was retained (Fig. 20 to 22 ). During this process, lesions in the S layers occurred along the cylindrical wall but were rarely encountered at the pole ends (Fig. 14, 19, and 20) .
Gram variability. It would be impossible to cover the entire range of eubacteria that are unpredictable in their responses to the Gram stain. I have attempted to use a range of bacteria in this study that grow well in broth culture, that encompass a variety of genera, that have distinct growth environments, and that (from my experience) are representative of gram-variable eubacteria. The ultrastructural approach combined with the TPt probe for the crystal violet staining complex has allowed these bacteria to be divided into two distinct groups.
As in our previous studies (4, 9) and the work of Salton (19) , it is apparent that for eubacteria, the underlying principle of the Gram stain resides in the innate character of the cell wall. During staining, gram-positive bacteria such as Micrococcus (lysodeikticus) luteus stain intensely purple because their thick robust walls resist ethanol decolorization and the crystal violet-iodide complex is retained within the protoplast (19) . The wall of Escherichia coli is so strongly affected by decolorization that the outer membrane is removed, the thin peptidoglycan layer is breached, and the crystal violet-iodide complex is removed to make these cells gram negative (4) . These staining responses are clear-cut and unequivocal. In the study described here, even in those eubacteria that undergo erratic staining, the response to the dye is controlled by the cell wall. Indeed, two bacterial groups with distinctly different walls are defined by the degree of their gram variability. Members of the Actinomyces -Arthrobacter-Corynebacterium -Mycobacterium -Propionibacterium group are similar to most other gram-positive bacteria in that they have relatively thick and robust walls, but their initial septal sites do not appear to be as highly integrated into the side wall as in other varieties. This may indicate a common mode of septum initiation even though each genus within the group has subtle chemical differences to its wall fabric. Members of the Bacillus-ButyrivibrioClostridium group possess distinctly different walls. Each appears to have a reduced complement of peptidoglycan (i.e., a thinner peptidoglycan-containing layer) that is overlaid by an S layer. Initially, at low cell doubling rates, this combination of two layers is hardy enough to ensure that the cells stain gram positive. Yet with time, the peptidoglycan layer grows thinner and the cells become more prone to gram negativity. Each of these two gram-variable staining groups is distinct from the other in cell wall architecture, and each owes its particular brand of staining response to its wall design.
I must emphasize that these stain groupings by no means encompass the entire range of species within a given genus. (Fig. 19) have a relatively intact S layer (arrow) and retain their rod shape. Others (Fig. 20) have fragmenting S layers, and their cytoplasm has reduced in size. Eventually, the S layer can no longer be seen (Fig. 21) , portions of the cytoplasm are sloughing off into the external milieu (arrows), and only a spherical empty shell remains of the cell (Fig. 22) . I believe that this progressive loss of shape and of cytoplasm accounts for the gradation of stain intensity seen in the inset of Fig. 16 ; gram negativity would increase from Fig. 19 to 22 . Bar = 100 nm in all micrographs.
VOL. 172, 1990 on October 20, 2017 by guest http://jb.asm.org/ Downloaded from
